Abstract-Poly(ethylene terephthalate)(PET) tire cord has relatively lower adhesion properties caused by limited reacting sites. In order to improve the adhesion force between PET tire cord and rubber, an additional process to activate surface of PET has been employed. Atmospheric plasma was used to substitute the chemical finishing process of PET tire cord as a green dipping process. Contact angle was measured to confirm surface change of PET after plasma treatment. The treated PET tire cords with/without resorcinol-formaldehyde-latex(RFL) and unvulcanized rubber were vulcanized in a testing mold at 160℃. After atmospheric plasma treatment of PET tire cord, adhesion force was somewhat increased under some conditions.
Introduction
Among textile tire cords, nylon and lyocell tire cords have used resorcinol-formaldehyde-latex(RFL) as an adhesive for a single dip process. This can be attributed to hydrophilic characteristics and their abundant reacting groups such as amine groups (-NH 2 ) and hydroxyl groups(-OH). However, poly (ethylene terephthalate)(PET) tire cords possess relatively hydrophobic characteristics and have -OH and -COOH groups at the end of each polymer-chain side. Thus, RFL could not provide sufficient adhesion between PET and rubber 1, 2) . In order to use PET for tire cords, an additional dipping step has been employed allowing the surface of the PET tire cord to be activated by epoxy adhesives such as polyglycidyl ether or Pexul which is a 2,6-bis (2',4'-dihydroxyphenyl-methyl)-4-chlorophenol. These materials can enhance reacting sites of PET which result in sufficient adhesion force with tire rubber [3] [4] [5] [6] [7] [8] . In case of Pexul, ammonium hydroxide(NH 4 OH) is used to stabilize the Pexul solution. Due to the toxicity of ammonium hydroxide, the ex † Corresponding author. Tel.: +82-42-481-8716; Fax.: +82-42-472-3558; e-mail: leejaew@hotmail.com posure to this material in tire cord manufacturing plant is harmful process to laborers. Epoxy/ Isocyanate dip is an alternative to Pexul and can provide a cleaner process than Pexul dip; however, epoxy and isocyanate are also harmful chemicals for the environment. Furthermore, both Pexul and Epoxy/Isocyanate dip processes consume large amount of energy to generate heat for the activation of PET tire cord. After the tire cord finishing process, the waste products including toxic chemicals and latex require waste treatment which means that additional cost for purification is needed.
The ideal case for tire cord dipping might be low chemical and energy consumption which result in low carbon dioxide(CO 2 ) generation. In terms of PET surface modification, plasma treatments have been employed intensively [9] [10] [11] [12] [13] [14] [15] . However, little research has been done with atmospheric plasma treatment for PET tire cords to substitute the Epoxy/ Isocyanate dip. In this research, atmospheric plasma was studied to substitute Epoxy/Isocyanate dip as a green process. PET films and PET tire cords were treated with atmospheric plasma under air or oxygen purge and then contact angle of treated samples was measured. Adhesion forces between PET tire cord and tire rubber were also investigated.
Experimental 2.1 Materials
Pure, unmodified PET film of 100μm thickness and 1500 denier/2ply PET tire cords were supplied by Kolon Industries. The tensile strength and strain of the PET raw cord were 24 kgf and 16%, respectively. The resorcinol-formaldehyde-latex used was also produced by Kolon and was used within 48 h after preparation.
Plasma treatment
In order to enhance the adhesion force between PET and RFL, ambient air and oxygen were employed as a gas for plasma treatment(NOWPLASMA Co. LTD, Model NW-PRS8010S). Discharge power and treatment time were varied from 125 to 500 W and 20 to 240 sec, respectively.
Measurement of hydrophilicity
The contact angle of the PET film was measured using a contact angle tester(ERMA, Model G-1). Since it has some difficulties to assess the contact angle of PET tire cords which have uneven surface of the twisted multi-filaments, in order for hydrophilicity of the PET tire cord, methylene blue solution was employed. A 1 cm section of the edge of 40 cm PET tire cord was soaked into the solution, and the length of methylene blue on the PET tire 
Adhesion force
Plasma treated PET tire cords were coated with RFL at 140 ℃ for 3 min followed by curing at 220 ℃ for 2 min before it was vulcanized for 8 min 45 sec at 160 ℃ with unvulcanized rubber in a mold. The adhesion force of the samples was measured with a universal materials testing machine(Instron Model 1122) at 22 ℃ and 65% relative humidity after conditioning for 24 h. The crosshead speed was 100 mm/min. The styrene-butadiene rubber(SBR) compounding recipe which was used for the rubber to assess adhesion force is shown in Table 1 . The size and weight of vulcanized rubber sample were 75x75x12 mm and 9.8 g respectively. The sample for adhesion test is depicted in Fig. 1 . 
Results and discussion

Hydrophilicity change after atmospheric plasma treatment
PET films were treated with atmospheric plasma and the contact angle data of the PET films is shown in Fig. 2 Alternative Finishing Process for Poly(ethylene terephthalate)(PET) Tire Cord using Atmospheric PlasmaⅠ303Ⅰ under O 2 purge and ambient air, respectively. Above those power, no additional change of contact angle of PET films was detected(See Fig. 2 and 3) . In case of the treated surface of PET film, aging phenomena occurred; however, the range of variation was small and stabilized in 30~60 min after plasma treatment. The PET films were also treated under different times and these results are shown in Fig.  4 . As can be seen, no change was apparent for differing treatment times of 20, 30 and 40 sec. It is assumed that additional plasma treatment cause demage instead of enhancing activation sites.
Surface change of PET tire cord after plasma treatment
In order to measure the change of PET tire cord after plasma treatment, methylene blue was used. The results depicted in Fig. 5 and 6 , showed that untreated PET tire cord has the highest methylene blue length, whereas the PET tire cord which was treated under optimum condition for PET film, possesses relatively lower methylene blue length. However, the color of methylene blue on the plasma treated PET tire cord showed the relatively thicker methylene blue color. It is presumed that enhanced hydrophilicity of the PET tire cord after the plasma treatment results in deeper penetration of methylene blue inside the PET tire cord rather than in a higher length of methylene blue.
Adhesion force between PET tire cord and rubber
Optimum vulcanization time of the rubber was measured using time/torque test at 160 ℃ and the Table 2 . Adhesion force between PET tire cord and rubber after atmospheric plasma treatment result is shown in Fig. 7 . The vulcanization was finished within 8 min 45 sec; this time was fixed as cure time(t 90 ) throughout the study. Adhesion force between PET tire cord and rubber after the plasma treatment is shown in Table 2 . The result showed that Plasma treatment of PET tire cord with ambient air produces relatively higher adhesion forces than the treatment with oxygen. When discharge power is 350 W and treatment time is 180 sec, the highest adhesion force occurs. In addition, increasing the discharge power from 350 to 500 W actually reduces adhesion force. It implies that excessive discharge power might damage PET fiber surface rather than activating them. Since ambient air is 21% of oxygen, it is presumed that plasma treatment with air oxidized the surface of the PET fiber with less damage than that caused by oxygen plasma at a longer treatment time.
Conclusions
Atmospheric plasma treatment with O 2 and ambient air enhanced hydrophilicity of the PET film surface; this activated surface was stable for up to 180 min. Enhanced hydrophilicity of the PET tire cord under atmospheric plasma treatment using ambient air resulted in increased adhesion force for SBR rubber. Thus, atmospheric plasma treatment for PET tire cords could be one substitute for conventional Pexul or Epoxy/Isocyanate dip process.
